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Summary 23
Pseudomonas putida KT2440 has evolved a tightly regulated system for 24 metabolizing glycerol implying a prolonged growth lag-phase. We have learnt that this 25 long lag-phase can be avoided by the addition of small amounts of some growth 26
precursors. The addition of 1 mM octanoic acid as co-feeder completely eliminated the 27 lag-phase, resulting in an improvement, in terms of invested time, of both growth and 28 polyhydroxyalkanoates (PHA) accumulation. To investigate this phenomenon, we have 29 followed co-metabolic approaches combined with mutations of the specific and global 30 regulatory networks connecting the glycerol catabolism and PHA synthesis. We have 31 established that the GlpR regulator represses glycerol catabolism in this strain, being 32 responsible for the long lag-phase. Based on this finding we have created a glpR knock-33 out mutant of P. putida KT2440 showing a reduction of the lag phase of 10 hours when 34 cultured on glycerol. The production of PHA in this strain was enhanced resulting in a 35 higher final yield in terms of PHA accumulation. In a high C/N unbalance nutrient 36 situation, such as C/N ratio of 80 mol/mol, P. putida KT40GlpR was able to produce 37 This phenomenon is shown by the remarkable difference in the OD 630 reached by cells 109 growing in octanoate (from 9 hours on) comparing to the rest of the growth curves. The 110 apparent growth rate in octanoate during the first 9 hours (i.e., when PHA accumulation 111 does not influence OD 630 ) is 0.132 h -1 . As expected, this is the highest growth rate 112 achieved from all the assayed carbon sources. Acetate and pyruvate showed the lowest 113 growth rates, i.e., µ=0.024 h -1 and µ=0.041 h -1 , respectively. When fructose or glycerol 114 were used as the sole carbon source the growth rates were µ=0.053 h -1 and µ=0.058 h -1 , 115
respectively, but cultures in glycerol showed a long lag-phase (up to 15 hours). The 116 second highest rate corresponded to citrate (µ=0.090 h -1 ). 117
Thereafter, flask experiments were also performed to confirm these data (Table  118 1). When octanoate was used as substrate P. putida KT2440 produced around a 20% of 119 6 carbon sources in a C/N balanced medium (Follonier et al., 2011) . Final biomass free of 121 PHA on octanoate was 0.76 g/l (g/l measured as total cell dry weight (CDW) minus g/l 122 of PHA). As expected, PHA was not detected when any of the carbon sources different 123 to fatty acid were assayed. Acetate and pyruvate reached the lower biomass values (0.54 124 g/l and 0.63 g/l, respectively), while the highest yields corresponded to fructose and 125 glycerol (0.94 g/l and 0.93 g/l, respectively). Despite glycerol does not provide an 126 elevated growth rate, the high biomass yield reached with this substrate makes it a 127 suitable carbon source for fermentative processes (Pachauri and 
Fatty acid based co-feeding strategies for stimulation of glycerol growth versus 132

PHA and TCA (tricarboxylic acid) cycles activities. 133
To design fermentation strategies for an efficient mcl-PHA production on 134 glycerol in P. putida KT2440 we took into account that PHA metabolism and β-135 oxidation pathway are coordinately regulated in P. putida KT2440 via PhaD 136 transcriptional activator (de Eugenio et al., 2010b) . PhaD allows the efficient 137 transcription of pha genes when fatty acids or related intermediates of the β-oxidation 138 pathway are available (de Eugenio et al., 2010b) . Moreover, we took advantage of the 139 fact that co-metabolism with fatty acids has been applied to increase PHA production 140 yields (Lenz et al., 1992; Zinn et al., 2001; Escapa et al., 2011) . 141
Based on these observations, we have analyzed the effect of fatty acid co-142 feeding on growth and PHA production when cells of P. putida KT2440 were cultured 143 in glycerol as carbon and energy source under PHA production conditions (i.e.,7 unbalanced high C/N ratio, hereafter used in this study as culture conditions to analyze 145 PHA accumulation) (Fig. 3A) . In the cultures induced with octanoate we have observed 146 a higher final OD 630nm that would be traduced in an enhanced growth, but also could be 147 owing to the accumulation of a higher amount of PHA. Even more interesting was the 148 unexpected observation that the lag-phase on glycerol was exceptionally reduced due to 149 the presence of octanoate. When PHA accumulation was analyzed after 46 h of culture 150
we observed a production of 19 ± 2% of CDW in 40 mM glycerol vs. 27 ± 2% in 40 151 mM glycerol plus 1 mM octanoate. This effect was also detected in the presence of 0.1 152 mM octanoate. 153
These data allowed us to speculate about a putative role of the PHA cycle for 154 controlling the metabolism of glycerol via initial transformation of octanoate into PHA. 155
To study this possibility, we analyzed the growth profile of P. putida KT40C1ZC2, a P. 156 putida KT2440 mutant unable to accumulate the polyester due to a deletion in the 157 phaC1ZC2 genes, coding for the PHA synthases and depolymerase (Fig. 3B, see  158 Experimental procedures for details of the strain construction). We observed in the PHA 159 minus mutant a similar octanoate effect over glycerol lag-phase, demonstrating that this 160 phenomenon is not linked to the activity of PHA cycle. 161
By serendipity, we had observed that P. putida KTH2, one of our collection 162 strains, was not able to growth using octanoate as substrate (Fig. 4) . When we tested the 163 effect of octanoate on this strain, we observed that it was not able to stimulate glycerol 164 growth (Fig. 4) suggesting that this stimulation was linked to the catabolism of 165 octanoate. P. putida KTH2 is a P. putida KT2442 derivative bearing an hpaBC cassette 166 encoding the E. coli 4-HPA hydroxylase introduced into the chromosome via mini-167 transposon (Prieto et al., 1996) . Remarkably, other transconjugants of our collection8 suggesting that the mini-transposon integrated in KTH2 had produced a disruption of a 170 key gene for fatty acid catabolism. In fact, we have now demonstrated that the mini-171 transposon integration has generated an aceA disruption mutant in P. putida KTH2 (see 172
Experimental procedures section). The aceA gene encodes the isocitrate lyase and its 173 deletion impairs fatty acid metabolism due to a blockage of the glyoxylate bypass of the 174 TCA cycle (Kornberg and Krebs, 1957; Kornberg, 1966) . Figure 4A shows that 175 octanoate induction over glycerol consumption is nearly undetectable in aceA -mutant 176 strain compared to the wild type. This result suggests that either octanoate degradation 177 to central intermediates from TCA cycle or gluconeogenesis is required to activate 178 glycerol utilization in P. putida. This effect was confirmed by complementation of the 179 aceA -mutant, showing that P. putida KTH2 phenotype was exclusively due to the aceA 180 mutation (Fig. 4B) . Interestingly, despite of the lack of octanoate induction over 181 glycerol growth in the strain KTH2, the analysis of PHA production from glycerol 182
showed that both strains (KT2442 and KTH2) accumulated PHA more efficiently when 183 glycerol is supplemented with octanoate (Fig. 4C ). This result suggests that although 184 octanoate cannot support the growth of KTH2, it can contribute to the synthesis of PHA 185 through the PHA cycle. 186
187
Glycerol catabolism in P. putida KT2440 relies on an active ED pathway. 188
The results described above suggested that the effect of octanoate on glycerol 189 metabolism could rely either on a global activation of the cell energy state or on the 190 generation of specific metabolites or cofactors needed for the activation of glycerol 191 metabolism. To study this effect we compared growth and PHA accumulation of P. 192 putida KT2440 under low nitrogen conditions (M63 0.1N media) using glycerol as the9 These results were also compared with that obtained from P. putida KT2440 cells 195 growing exclusively with octanoate or glucose as carbon sources (Fig. 5) . We observed 196 similar growth stimulation pattern, this is, significant reduction of the initial lag-phase 197 in glycerol, when carbon equimolar concentrations of octanoate or glucose were added 198 to the glycerol growth media. As expected, in both cases cultures reached a higher final 199 total biomass (around 1 g/l) than that observed when glycerol is used as the sole carbon 200 source (0.8 ± 0.04 g/l) ( containing media with a non-related PHA carbon source like glucose stimulate glycerol 210 growth, but not PHA accumulation in P. putida KT2440, whereas co-feeding with a 211 related PHA carbon source like octanoate stimulate both glycerol growth and PHA 212 production. 213
As detailed in Figure 1 , once glycerol is transported into the cells, activated to 214 G3P and transformed into DHAP by the action of the enzymes encoded by glp genes, itfeed with a low amount of glucose or octanoate must correlate with the activation of the 220 ED route. To demonstrate this assumption, glyceraldehyde-3-phosphate dehydrogenase 221 (GAPDH) enzymatic activity has been assayed after 6 and 22 hours of growth of P. 222 putida KT2440 in different conditions (Table 2) . Interestingly, when octanoate was used 223 as carbon source, only a basal level of GAPDH activity was detected. As expected, a 224 basal activity was detected after 6 hours in glycerol due to the lag-phase. After 22 hours 225 of culturing in glycerol, the GAPDH enzymatic activity is more than tenfold compared 226 to the basal level and in the range of the observed for glucose ( The stimulatory effect on glycerol growth observed in the absence of GlpR was 255 confirmed by measuring the activity of the GAPDH in the KT40GlpR mutant (Table 2) . 256
As expected, GAPDH activity is activated at 6 hours of growth when cells of P. putida 257 KT40GlpR were cultured in glycerol (Table 2) . It is interesting to notice that the 258 GAPDH expression is not constitutive in the KT40GlpR mutant since it remains at basal 259 levels when cells are cultured in octanoate as the only carbon source. This result 260 demonstrates that although the activation of ED pathway depends of the presence of 261 glycerol it is not directly regulated by GlpR. 262
It has been proposed that in P. putida KT2440, glpR controls the expression of 263 the glp genes (Fig. 1) . According to genome annotation, the glpF gene coding for the 264 glycerol facilitator and the glpK gene coding for the glycerol kinase seem to form an 265 operon located upstream of glpR, whereas the glpD gene encoding the glycerol-3-266 phosphate dehydrogenase is located downstream of glpR (Fig. 7A) . To confirm the 267 implication of GlpR in the expression of these genes during the lag-phase (i.e., during 268 the first 3 hours of growth) we have determined by qRT-PCR the expression of glpF in 269 the wild type P. putida KT2440 strain and in the glpR -mutant under different culture 270 conditions. No statistically significant differences in glpF transcription levels during the 271 lag-phase were detected when P. putida KT2440 cells growing in 15 mM octanoate as 272 the sole carbon source were compared with 40 mM glycerol as unique substrate, 273
suggesting that the lag-phase is due to a poor induction of the glpFK operon (Fig. 7B) . 274
However, when P. putida KT2440 was grown in a mixture of 40 mM glycerol plus 1 275 mM octanoate, the glpF expression increased, showing that the presence of octanoate 276 could contribute to the induction of the glpFK operon and thus, to activate glycerol 277 consumption ( substrates fully activates glpK expression in both strains, supporting the idea that the 288 system is also activated by co-feeding with octanoate. 289
In addition, we have analyzed how the deletion of GlpR repressor affects 290 bacterial growth and PHA accumulation using glycerol as carbon source and small 291 dosages of octanoate or glucose as co-feeding inducers (Fig. 8) . As predicted, the initial 292 growth long lag-phase disappears in KT40GlpR independently of inducer addition ( Fig.  293 8A and 8B). While P. putida KT2440 wild type strain achieved a biomass of only 0.50 294 ± 0.06 g/l after 22 hours of culture using glycerol as the sole carbon source (Fig. 5C) , 295 the KT40GlpR mutant strain reached 0.90 ± 0.01 g/l (Fig. 8C ). Furthermore, P. putida 296 KT40GlpR mutant strain growing in glycerol accumulates a higher amount of PHA (34 297 ± 6% of CDW) (Fig. 8C) , than the wild type strain (21 ± 4% of CDW) (Fig. 5C ). This 298 suggests that glpR inactivation in P. putida KT2440 not only results in a more rapid use 299 of glycerol, but also allows a higher accumulation of PHA polymer, very likely due to 300 an increase in the availability of central metabolites that are channeled to the polyester 301 (Table 3 ). In this deeply C/N 306 unbalance nutrient situation P. putida is able to reach high levels of PHA without 307 compromise cell growth. The strain P. putida KT40GlpR accumulates higher levels of 308 PHA than the wild type strain not only at 22 h of growth, when the wild type strain does 309 not produce PHA, but even after 46 h reaching 39 ± 5% of CDW, nearly double of the 310 value achieved by the wild type strain. 311 312 Discussion 313
In the last decades we have attended to an important development of biodiesel 314 industry and, therefore, to a decrease in the cost of some by-products generated in its In this work we have constructed a P. putida KT2440 derivative strain in which 332 the deletion of glpR, the transcriptional repressor driven glp genes regulation, provides 333 an efficient PHA accumulation using glycerol as growth and polyester precursor. We 334 have demonstrated that GlpR regulator represses glycerol catabolism in this strain, and 335
that this repression appears to be responsible of the long lag-phase observed when cells 336 were cultured in glycerol as the sole carbon and energy source (Fig. 2) . 337
Glycerol metabolism has not been studied in detail in the environmental model 338 strain P. putida KT2440 and therefore, only few biochemical and genetic data were (Novotny et al., 1985) . These factors generated 363 by the metabolism or the uptake of glucose inhibit GlpK activity during growth on 364 glucose and other catabolically preferred substrates. 365
The implications of GlpK and G3P in the regulation of the first step in the 366 metabolism of glycerol in P. putida have not been demonstrated yet but the results 367 shown in figure 7 suggest that the GlpR driven control of glp genes requires the 368 presence of glycerol in the culture medium, very likely because a derived metabolite of 369 glycerol is the GlpR effector. Our results are also in agreement with the studies of Wang 370 and Nomura (2010) showing that the expression of glpF, glpK and glpD genes in P. 371 putida KT2440 was higher in cells cultured in glycerol than in other carbon sources. 372
Finally, it has been demonstrated that mutations in the genes involved in the 373 phosphotransferase system of this strain altered the growth on glycerol, suggesting that 374 the glycerol catabolism of P. putida is controlled by a complex regulatory network 375 proposed that glycerol metabolism depends on the activation of GAPDH and, therefore, 380 on an active metabolism of the hexosephosphate derivatives. This hypothesis is in 381 agreement with the increase of GADPH activity observed when glycerol is efficiently 382 used by the P. putida wild type strain in the presence of co-feeding inducers or by the 383 KT40GlpR mutant strain in the absence of inducers (Table 2) . 384
The expression of the main metabolic steps of the phosphorylative branch of 385 carbohydrates metabolism and ED pathway in P. putida KT2440 is tidy regulated (del 386 Our results have demonstrated that GlpR is a key regulator controlling glycerol 402
catabolism, but we cannot exclude the implication of other regulators (e. g., HexR and 403 Crc), some enzymes (e. g., GlpK and GADPH) and some metabolites (e. g., G3P, ATP 404 and FBP) in this complex regulatory network. In fact, we propose that the effect of 405 octanoate and glucose might be due to an activation of the basal GlpK activity causing 406 an increase in the levels of G3P inducer. This activation is not only driven at the 407 transcripcional level (Fig. 7C) , but also might be due to a punctual increase of the ATP 408 levels that could active GlpK, which would produce a small amount of G3P for opening 409 the circuit. In agreement with this sugestion Figure The finding that the long lag-phase of P. putida growing in glycerol can be 416 avoided either, by the addition of small amounts of some co-feeding substrates or by thein the case of the KT40GlpR mutant we have observed that PHA production improves 419 not only due to less time invested in the process, but also to the best final yield when 420 compared to the wild type strain. antibiotics, gentamicin (10 µg/ml), chloramphenicol (34 µg/ml), ampicillin (100 µg/ml), 447 kanamycin (50 µg/ml), or tetracycline (5 µg/ml) were added when needed. standard growth experiments 20 mM glycerol, 7.5 mM octanoate, 10 mM glucose, 30 456 mM acetate, 20 mM pyruvate, 10 mM citrate, 15 mM succinate, 10 mM gluconate or 10 457 mM fructose were used as carbon sources. In the PHA production experiments an 458 excess of carbon source were used, this is 40 mM and 80 mM glycerol, 15 mM 459 octanoate or 20 mM glucose. Octanoate was assayed as inducer at 0.01 mM, 0.1 mM 460 and 1mM, glucose was also used as inducer at 1.33 mM (equimolar to 1mM). Pyruvate 461 (0.27 mM and 2.7 mM) and fructose (0.13 mM and 1.33 mM) were also assayed as 462 inducers (Fig. S2) . All the medium components were purchased from Sigma-Aldrichflask or 96-microwell plates. Culture growth (200 ml) was monitored in shaking flasks 468 (250 rpm) of 500 ml with a Shimadzu UV-260 spectrophotometer at 600 nm for 46 h. 
Construction of P. putida KT2440 deletion mutants 480
Standard molecular biology techniques were performed as previously described 481 (Sambrook and Russell, 2001 ). The glpR and hexR genes, as well as the genomic region 482 phaC1ZC2, were inactivated by allelic exchange homologous recombination using the 483 mobilizable plasmid pK18mobsacB (Schäfer et al., 1994) . The PCR primer pairs used 484 for these constructions and the PCR fragments sizes originated are listed in Table 5 ; 485 KT2440 genome was used as DNA template. PCR products were purified with the High 486 Pure PCR product Purification Kit (Roche Applied Science, Basel, Switzerland) Each 487 pair of two fragments were digested with the appropriate restriction enzymes (Takara 488 Bio Inc., Shiga, Japan) and ligated using T4 DNA ligase (USB Corp., Affymetrix, 489
Cleveland, OH, USA), resulting in the corresponding deleted version of each gene or 490 genomic region. DNA fragments were purified with GeneClean Turbo kit (MPcorresponding unique sites of pK18mobsacB plasmid to yield the different plasmids 493 listed in Table 4 . Plasmid isolation was performed using High Pure Plasmid Isolation 494 Kit (Roche Applied Science, Basel, Switzerland) and cloned inserts were confirmed by 495 DNA sequencing by Secugen S.L. (Madrid, Spain). The resultant plasmids were used to 496 deliver the different mutations to the host chromosome of each strain via homologous 497 recombination. Triparental mating was performed following protocol described by 498
Herrero et al. (1990) , using E. coli DH10B as donor strain, E. coli HB101 pRK600 as 499 helper strain and P. putida KT2440 (Table 4) as recipient strain. The strains resulted of 500 this first recombination event were confirmed by PCR and the selected colonies were 501 grown in LB during 6 hours and then plated on M63 10 mM citrate selective plates 502 supplemented with 5% sucrose. Transconjugants sucrose resistant and kanamycin 503 sensible were isolated and the second crossover event was confirmed by PCR. The 504 resultant mutant strains were listed in Table 4 . 505
Identification of transposon integration site in P. putida KTH2 strain 506 P. putida KTH2 genomic DNA was extracted using a standard procedure 507 (Sambrook and Russell, 2001 ) and digested with NotI restriction enzyme ( Takara Bio  508 Inc., Shiga, Japan). The resulted fragments were cloned into NotI unique site of 509 The aceA coding sequence was amplified by PCR using aceA-5' and aceA-3' 521 oligonucleotides listed in Table 5 
Biomass calculation 528
It should be notice that PHA content disturbs cells turbidimetry, so the optical 529 density cannot be used to estimate growth rates in terms of viable cells or biomass. 530
Biomass concentrations, expressed in grams per litre, were determined gravimetrically. 531
Briefly, culture medium (40 ml) was centrifuged for 30 min at 3800 g and 4ºC 532
(centrifuge Sigma 3-18K, Osterode am Harz, Germany). Cell pellets were freeze-dried 533 for 24 h in a VirTis Benchtop K Freeze Dryer (SP Industries, Gardiner, NY) and 534
weighed. 535
GC analysis for PHA content determinations 536
Polyhydroxyalkanoate monomer composition and cellular PHA content were 537 determined by GC of the methanolysed polyester. Methanolysis was carried out by 538 suspending 5-10 mg of lyophilized cells in 2 ml of chloroform and 2 ml of methanol 539 containing 15% sulphuric acid and 0.5 mg/ml of 3-methylbenzoic acid (internal 540 standard), followed by an incubation at 100°C for 4 h. After cooling, 1 ml ofdemineralised water was added and the organic phase containing the methyl esters was 542 analysed by GC (Lageveen et al., 1988; de Eugenio et al., 2010a) . A standard curve 543 from 0.5 to 2mg of PHA (Biopolis S.L., Valencia, Spain) was used to interpolate sample 544 data. 545
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) enzymatic assay 546
GAPDH enzymatic assay has been slightly modified from Pancholi and Fischetti 547 (1992) . Briefly, cells of P. putida strains were harvested by centrifugation (40ml 548 culture) after 6 and 22 hours of culture and resuspended in GAPDH assay buffer pH 8.6 549 (50 mM Na 2 HPO 4 , 5 mM EDTA, 40 mM triethanolamine) plus 0. 
